Prokaryotic cell division is a highly orchestrated process requiring the formation of a wide range of biomolecular complexes, perhaps the most important of these involving the prokaryotic tubulin homologue FtsZ, a fibre-forming GTPase. FtsZ assembles into a ring (the Z-ring) on the inner surface of the inner membrane at the site of cell division. The Z-ring then acts as a recruitment site for at least ten other proteins which form the division apparatus. One of these proteins, ZapA, acts to enhance lateral associations between FtsZ fibres to form bundles. Previously we have expressed, purified and crystallized ZapA and demonstrated that it exists as a tetramer. We also showed that ZapA binds to FtsZ polymers, strongly promoting their bundling, while inhibiting FtsZ GTPase activity by inducing conformational changes in the bound nucleotide. In the present study we investigate the importance of the tetramerization of ZapA on its function. We generated a number of mutant forms of ZapA with the aim of disrupting the dimer-dimer interface. We show that one of these mutants, I83E, is fully folded and binds to FtsZ, but is a constitutive dimer. Using this mutant we show that tetramerization is a requirement for both FtsZ bundling and GTPase modulation activities.
INTRODUCTION
FtsZ is a ubiquitous bacterial protein that acts as a foundation for the molecular assemblies that underpin cell wall and membrane remodelling during cytokinesis [1, 2] . Structural and phylogenetic studies of FtsZ have shown that it is related to the cytoskeletal protein tubulin [3] . Similar to tubulin, FtsZ can be induced to polymerize upon the addition of GTP leading to the formation of unbranched FtsZ fibres [4, 5] . In bacterial cells, FtsZ monomers associate together during division to form a fibrous ring on the inner surface of the inner membrane at the cellular midpoint [6, 7] . The ultrastructure of the FtsZ ring is thought to be made up of individual FtsZ fibres bundled together to produce the scaffold for a much larger macromolecular structure. This larger structure involves a number of other proteins, including integral membrane proteins (FtsI, FtsQ, FtsL, FtsN, ZipA, FtsW and FtsK) as well as soluble factors (FtsA) [8, 9] . These proteins form a complex set of interactions which have been delineated using both two-hybrid [10] [11] [12] and spectroscopic [13] methods. The bundling of FtsZ has been shown to be induced by a number of factors, including divalent cations, guanine nucleotide derivatives and crowding agents [14] [15] [16] [17] [18] [19] , although it is thought that under physiological conditions co-proteins such as ZapA and ZipA and most recently ZapB control FtsZ bundling [15, [20] [21] [22] [23] [24] . Phenotypic changes in cellular or divisomal morphology induced by changes in ZapA concentration in vivo have been more difficult to determine. The only indication that the deletion of ZapA alters Escherichia coli cellular morphology is observed during exponential growth in rich medium, where 11 % of cells are observed to have a filamentous morphology [25] . In contrast, artificially increasing the concentration of ZapA leads to the formation of aberrant helical arrays of FtsZ at the mid-cell [24] . This effect is proposed to result from a disruption of the interaction of another co-protein ZapB with the FtsZ fibre.
A number of studies have shown that ZapA induces bundling of FtsZ [25] [26] [27] . The E. coli ZapA (also known as YgfE) gene codes for a 12.6 kDa peptide chain that associates to form a dimer of dimers [25] [26] [27] . The crystal structure of Pseudomonas aeruginosa ZapA shows that the protein folds into a two-domain structure [26] . The N-terminal domain is globular and is hypothesized to contain the FtsZ-binding region [25] . The C-terminal domain is mainly α-helical and seems to perform two functions; it mediates interactions between the dimers of ZapA while at the same time the extended nature of this domain ensures that the globular domains of each dimer are kept spatially separate. The net result is a 'dog-bone' like structure with the C-termini as the middle of the bone and the N-termini forming the ends of the bone. This separation of FtsZ-binding regions is thought to underlie the FtsZbundling function. A study by Mohammadi et al. [25] has made elegant use of electron microscopy to suggest that ZapA links FtsZ polymers like rungs link the uprights of a ladder.
Our previous work has examined the molecular events that occur upon binding of ZapA to FtsZ [27] . We have used LD (linear dichroism) spectroscopy to probe the configuration and conformation of GTP bound to ZapA. We have shown that ZapA induces a change in GTP conformation similar to that induced by high levels of divalent cations [27, 28] . This conformational rearrangement seems to distort the active site of FtsZ leading to an observed decrease in GTP hydrolysis [25, 27] . However, at that time it was not possible to determine whether this conformation rearrangement was the result of a direct interaction between ZapA and the FtsZ active site, or whether it was indirectly as a result of FtsZ bundling itself altering the FtsZ active site conformation.
In the present study we aimed to produce mutant forms of ZapA that are unable to form a tetramer. The resulting mutant forms of ZapA were used to gain an understanding of the molecular interactions that stabilize the ZapA dimer. In addition, a constitutively dimeric ZapA is used to prove that ZapA tetramerization is required for FtsZ bundling and GTPase inhibition.
EXPERIMENTAL

Chemicals and reagents
All chemicals used were of analytical grade and only molecular biology grade water (0.1 μm filtered) or deionised water was used. Unless otherwise stated, the providers were: SigmaAldrich, Calbiochem, Fisher Scientific, Fluka Chemika or Helena Biosciences.
Purification of E. coli FtsZ E. coli FtsZ was overproduced and purified following the method described by Mukherjee and Lutkenhaus [29] . However, some modifications were introduced as described in [30] ; the pooled dialysed ion-exchange DEAE-Sepharose column fractions were subject to a 20 % ammonium sulfate precipitation that removes the acetate kinase activity from the FtsZ preparation and the last chromatography step was omitted. Instead, the 20 % ammonium sulfate precipitation fraction was purified by a further ionexchange chromatography step on DEAE-Sepharose.
Production of ZapA mutant DNA
Site-directed mutations were introduced into the zapA gene using the QuikChange ® methodology (Stratagene). The gene was then introduced into the pETDuet-1 expression vector containing an N-terminal hexa-histidine tag. The gene sequences within these constructs were confirmed by DNA sequencing.
Overproduction and purification of E. coli ZapA E. coli ZapA was overproduced and purified using the methods detailed previously by Small et al. [27] .
LD
LD measurements were performed using the same equipment setup as our previous study [31] . Briefly, all measurements were made at room temperature (∼ 25
• C) using either a Jasco J-715 or J-815 spectropolarimeter adapted for LD spectroscopy. Samples were aligned in the light beam using a custom made Couette cell (Crystal Precision Optics) which consists of a cylindrical cross section sleeve with a removable quartz capillary (sealed at one end with Araldite Rapid) held centrally with respect to its circular face by a rubber O-ring. An annular gap of ∼ 0.25 mm between the quartz rod suspended from the demountable lid and inner capillary wall was created. The rod and the centre of the capillary were aligned so that the capillary was able to rotate freely. The sample (25-60 μl) was placed into the capillary and the lid and rod were then lowered into position. Upon rotation of the capillary (the rod remains stationary) a shear force is induced across the sample. The cylindrical sleeve has two windows for the light to pass through to make contact with the sample. The voltage applied to the motor that rotates the outer quartz cylinder is controlled electronically to allow the sample solution to be maintained with the highest possible degree of alignment. Data were collected using an interval scan measurement program that was available within the Jasco software. This enabled single full wavelength scans from 350 to 190 nm to be collected every min at a scanning speed of 200 nm/min, data pitch 0.5 s and thus enabling the monitoring of the kinetics of polymerization across the whole wavelength spectrum. Baselines of data collected after depolymerization of FtsZ were subtracted from all spectra. It should be noted that the data collected can at this stage only be interpreted qualitatively rather than quantitatively. The time taken to load and assemble the capillary LD unit and start of the analysis (dead time) was approximately 60 s.
CD
CD data were collected in either a Jasco J-715 or J-815 spectropolarimeter. Samples (0.1 mg/ml) were prepared in 1 mm pathlength rectangular demountable quartz cells. Scans were made between 300 and 190 nm with a band width of 1 nm and a scan speed of 100 nm/min. An average of 16 scans were measured for each experiment and a background spectrum (measured in the absence of protein) was subtracted.
AUC (analytical ultracentrifugation)
Samples of ZapA were centrifuged at 40 000 rev./min at 4
• C for 16 h in an eight-cell An-50 Ti rotor in a Beckman XLI analytical ultracentrifuge. Migration of the protein during centrifugation was monitored by measuring the distribution of absorbance at 220 nm across the sample in the centrepiece at 200 consecutive time points. These data were then analysed using SEDFIT [32, 33] using a c(s) model. Molecular masses were calculated using a c(M) model. Protein partial specific volumes, buffer viscosities and densities were all calculated using SEDNTERP.
DLS (dynamic light scattering)
DLS measurements were performed on a Zetasizer Nano S (Malvern), equipped with a 5 mW He-Ne laser (633 nm). DLS was observed at a 173
• scattering angle and a temperature of 25
• C, using a DTS2145 low volume glass cuvette (45 μl).
Electron microscopy
We examined the morphology of FtsZ polymers formed in the absence and presence of ZapA by negative stain electron microscopy. The sample mixture (5 μl; 44 μM ZapA and/or 11 μM FtsZ) was deposited on to a glow-discharged carbon grid for 1 min and the sample was blotted and stained with 1 % uranyl acetate solution. The grids were then imaged in a JEOL 2011 200 KV transmission electron microscope equipped with a LaB6 filament at ×10 000 magnification.
GTPase assay
The assay was performed using an EnzChek ® Phosphate Assay Kit (Invitrogen) following the manufacturer's instructions. The sample was prepared as described in the Results section. The mixture was then incubated at 25
• C for 10 min and placed into a 0.5 cm cuvette. The change in absorbance that results from the production of phosphate was then measured using a Jasco V-550 spectrometer at room temperature, with the wavelength at 360 nm. A 360 was zeroed before adding 0.2 mM GTP into the sample.
Right-angle light-scattering assay
Right-angle light-scattering (90 • angle light scattering) measurements were carried out on the basis of the assay used in our previous study [28] . FtsZ polymerization, subsequent steadystate phase and depolymerization were measured by 90
• light scattering at room temperature using a PerkinElmer LS-50B spectrofluorimeter. The excitation and emission wavelengths were set at 450 nm unless otherwise stated and the excitation and emission slit widths were set at 2.5 nm. For the standard polymerization assay, FtsZ (to a final concentration of 11 μM) was incubated at 25
• C in 50 mM Mes/KOH (altering the pH between 6.0-7.0 depending on the reaction), 50 mM KCl and 10 mM MgCl 2 (polymerization buffer) for 15 min. The FtsZ solution was then placed in a 0.3 cm path length fluorimeter cuvette (50 μl nominal volume). The cuvette was placed in the fluorimeter at room temperature and a baseline was collected for approximately 10 min. The polymerization reaction was then initiated by the addition of GTP to a final concentration of 0.2 mM. The reading at time zero is the first reading after the cuvette was returned to the chamber following nucleotide addition. The elapsed time for the nucleotide addition step was between 10 and 20 s and data points were collected every second.
Pelleting assay
Reaction mixtures (800 μl) were made up in polymerization buffer (50 mM Mes/KOH, pH 6.5, 10 mM MgCl 2 and 50 mM KCl). A final concentration of 2.5 mM GTP was added to the mixture to induce FtsZ polymerization. This concentration of GTP is in excess of that required to maintain FtsZ in its fibrillar form throughout the pelleting experiments. FtsZ fibres and associated proteins were then sedimented by centrifuging in a TLA 100.2 rotor at 40 000 rev./min at 20
• C for 10 min. The supernatant was then removed and any pellet was resuspended in 80 μl of 50 mM Tris/HCl, pH 8. Samples from both supernatant and pellet were then analysed by SDS/PAGE (15 % gels).
RESULTS
Design of dimeric ZapA
In order to ascertain whether the formation of a tetramer of ZapA is a prerequisite for FtsZ fibre bundling, a number of point mutations were made in the zapA gene to perturb the dimer-dimer interface (see Table 1 and Figure 1 ). These mutations were designed using a homology model of E. coli ZapA on the basis of the X-ray crystal structure of Ps. aeruginosa ZapA [26] , a close relative of E. coli ZapA. Each mutation was chosen on the basis that it formed part of one of the two dimer interfaces. We defined these interfaces as being:
The interface formed in the middle of the ZapA structure is made up of two pairs of coiled-coils. The aim of this mutation was to see whether disrupting this interface would lead to a ZapA dimer with an intact globular head.
(ii) The coiled-coil globular head dimerization interface This interface is made up of the N-terminus of one α-helix from one monomer and the globular head region of another. Disruption of this interface would lead to a dimer connected only by the central C-terminal coiled-coil region.
Examination of the inter-subunit contacts of the amino acids in these two interfaces provided eight candidate positions for point mutations at positions 11, 17, 41, 59, 63, 64, 75 and 83 (E. coli numbering; see Figure 1 ). Two of these are in the coiled-coil tetramerization region and six are in the coiledcoil globular head dimerization region. To disrupt these interfaces, amino acid substitutions were chosen that reduced the hydrophobicity of the region (V17E, L41Q, L59Q and I83E), increased the size of the residue (F11W, Y63W and Y73W) or removed a potential charge-charge interaction (E64L). In each case the substitution was designed with the intent of altering the interface enough to disrupt the oligomerization without disrupting the underlying structure of the protein.
Production of mutant ZapA
Each mutant gene was inserted into the pETDuet vector which contained a hexa-histidine tag on the N-terminus in order to aid purification. After induction with IPTG (isopropyl β-Dthiogalactopyranoside), all but one of the proteins expressed well, E64L failing to express in all attempts. Examination of the solubility of the remaining proteins showed that a second mutant, L59Q, was prone to significant precipitation and was excluded from further study. The remaining six proteins were purified using immobilized metal ion chromatography to produce samples with >90 % purity in all cases [an SDS/PAGE showing the purity of WT (wild-type), I83E and V17E ZapA is shown in Figure 2A ].
To ascertain whether the mutants were folded, far-UV CD spectra were measured (the data for WT, I83E and V17E ZapA are shown in Figure 2B ). These show that in all cases the folding was not significantly altered by the amino acid substitutions, a result that was confirmed by the AUC experiments described below.
Oligomerization of ZapA mutants
The oligomerization state of each ZapA mutant protein was measured using sedimentation velocity AUC. WT ZapA has a sedmentation coefficient of 1.5 S, which is consistent with a tetrameric state of ZapA. Examination of these data for each of the mutant proteins shows that four (F11W, L41Q, Y63W and Y73W) had sedimentation coefficients close to that of the WT, indicating that in each of these cases the tetrameric structure remained (Figure 3) . Two of the mutations showed significant divergence from that of the WT, with sedimentation coefficients of 1.2 S and 1 S for V17E and I83E respectively. In order to determine the masses of the species present in solution for the I83E and V17E mutants to a higher degree of precision, each protein was subjected to sedimentation equilibrium analysis (results not shown). These studies showed that only data from I83E fitted to that expected for a dimer of ZapA, whereas data from V17E was more consistent with a model describing a dimer/tetramer equilibrium.
From these results it is clear that only the I83E mutation induced dissociation of the ZapA tetramer to form a dimer and it is therefore this mutant form that is used for the rest of the present study. A parallel study was undertaken for V17E and the results (not shown) were indicative of behaviour intermediate between that measured for the WT ZapA and for I83E.
Effect of I83E on FtsZ fibre formation
The key aim of the present study was to determine whether the tetrameric structure of ZapA is a requirement for its FtsZ fibrebundling function. To test this hypothesis, dimeric ZapA (I83E) was subjected to a series of biophysical studies that analysed its ability to bundle fibres. In each experiment the concentration of FtsZ was kept close to that found in the cell (approximately 5 μM) [34] . 
FtsZ co-pelleting assay
Our previous studies of ZapA function [27] and those of others [26] have used ultracentrifugation to sediment FtsZ fibres and any bound proteins, ZapA in the case of the present study, in order to demonstrate an interaction between the two proteins. If our hypothesis is correct, namely that a ZapA dimer should still bind to FtsZ, then such a pelleting assay should still result in the co-sedimentation of ZapA. Whereas, if the mutations have disrupted the structure of ZapA to a greater degree, then no cosedimentation should be observed. Examination of the results of the experiment (Figure 4) shows that, similar to WT ZapA, I83E ZapA does preferentially co-sediment with FtsZ, indicating that the interaction sites between FtsZ and ZapA remain intact despite the mutation. It is also clear that significant amounts of FtsZ and ZapA remain in solution during the experiment. This suggests that, in this experimental format, the FtsZ fibres are not efficiently sedimented at the centrifugal speed used in the experiment. However, this does not affect the observation that both WT and mutant ZapA proteins co-associate with FtsZ.
DLS
To further confirm that I83E was interacting with FtsZ, DLS experiments were carried out. Samples of WT and I83E were mixed with FtsZ and the size of the resulting complex was measured (Table 2 ). These data show that, for FtsZ alone, a size is determined which is very close to that expected from X-ray crystal structures for the FtsZ monomer. half the size). Taken together these data confirm that I83E can form a complex with FtsZ while providing insights that support the FtsZ ladder with ZapA rungs model.
Right-angled light scattering
We have shown previously that right-angled light scattering provides a good measure of both FtsZ polymerization [27] and ZapA-induced FtsZ fibre bundling. Upon addition of GTP to FtsZ the light scattering signal shows a characteristic response, increasing very rapidly, then reaching a plateau before returning to the baseline when the GTP supply is exhausted ( Figure 5 ). The addition of WT ZapA at a range of stoichiometries (from 1:1 to 1:4 FtsZ/ZapA) to the reaction has the effect of significantly increasing the maximal light scattering encountered during the reaction, while also increasing the time that the high level of light scattering persists. By contrast, the addition of the I83E mutant (stoichiometries ranging from 1:1 to 1:4 FtsZ/ZapA) to FtsZ during a comparable experiment leads to no change in the light scattering response when compared with FtsZ alone. This indicates that I83E is not able to induce bundling of FtsZ fibres. 
LD
Our previous studies have pioneered the use of LD spectroscopy to monitor both FtsZ fibre morphology and formation kinetics [27, 28] . Measurements of the kinetics of FtsZ fibre formation show a very similar trace to that observed for light scattering (Figure 6 ). This is the result of the fibres produced during the experiment aligning in shear flow, and hence becoming 'visible' to LD, with the monomeric units of FtsZ being invisible in LD. We have previously shown that the addition of ZapA cross-links the FtsZ fibres, increasing their rigidity, leading to an increase in intensity of the LD signal. Measurement of the LD signal changes in a reaction that contains both FtsZ and I83E (at 1:2 and 1:4 FtsZ/ZapA stoichometries) shows minimal signal enhancement or shape change, again indicating that the mutant does not bundle FtsZ.
Effect of I83E on FtsZ fibre morphology
Electron microscopy has been used by ourselves [27, 28] and others [26] to examine changes in the morphology of FtsZ during fibre formation and bundling. In these studies, monomeric FtsZ and tetrameric ZapA appear as roughly spherical particles ( Figures 7A and 7B) . Examination of a sample containing both ZapA and FtsZ, but without GTP, shows the formation of slightly larger particles, which are presumably ZapA-FtsZ complexes ( Figure 7C ). Incubation of FtsZ with GTP in the absence of ZapA leads to the formation of fine fibres ( Figure 7D ) which thicken upon the inclusion of WT ZapA ( Figure 7E ). However, the addition of I83E to FtsZ under the same conditions shows no significant change in FtsZ bundling ( Figure 7F ).
Effect of I83E on the GTPase activity of FtsZ
The FtsZ fibre form is sustained by the presence of GTP which binds between FtsZ monomers in the polymer, acting like a 'glue' holding the monomers within the fibre together. However, FtsZ also acts as a GTPase, hydrolysing GTP and hence reducing the amount of free GTP in solution. As the GTP concentration is maintained above a critical concentration, FtsZ forms a complex with GTP, leading to the propagation of the polymeric form. We have observed that ZapA does not simply induce FtsZ bundling, but it also reduces the rate at which FtsZ hydrolyses GTP [27] ( Figure 8 ). This reduction in the GTP hydrolysis rate was thought to be either a direct result of the interaction of ZapA with the FtsZ catalytic machinery or the influence of the FtsZ bundling induced by ZapA. In the presence of I83E, we are able to show only a modest depression in the rate of phosphate release and hence hydrolysis of GTP by FtsZ (at stoichiometries of 1:2 and 1:4 FtsZ/ZapA) ( Figure 8 ). The equivalent experiment with WT ZapA substituted for the mutant shows a larger reduction in phosphate release compared with the mutant. This correlates well with observations from light scattering and LD which show that the length of time that FtsZ remains in the fibre form for a given amount of GTP is not increased in the presence of I83E ZapA. Whereas for WT ZapA the FtsZ fibre form is sustained as the GTPase activity of FtsZ is inhibited reducing the rate of GTP hydrolysis and hence allowing the GTP concentration to be maintained above the threshold required to support FtsZ polymerization. These data show that the addition of I83E ZapA has no effect on FtsZ GTPase activity in contrast with the reduction in activity induced by the presence of WT ZapA. FtsZ (11 μM) was mixed with either WT or I83E ZapA (22 μM, 44 μM) in polymerization buffer (50 mM Mes/KOH, pH 6.5, 10 mM MgCl 2 and 50 mM KCl). GTP (0.2 mM) was then added to the reaction medium and the release of phosphate resulting from FtsZ-mediated GTP hydrolysis was measured as a difference in absorbance at 360 nm between the reagents and the products. Each data set has been expressed as a percentage of the final equilibrium value.
DISCUSSION
The present study examined the influence of the oligomerization state of ZapA on its function as an FtsZ-bundling agent. Previous studies of E. coli and Ps. aeruginosa ZapA [26, 27] have shown that both proteins exist in a dimer/tetramer equilibrium. Low et al. [26] proposed that this equilibrium may be shifted towards the tetramer when ZapA is bound to FtsZ. An examination of the X-ray crystal structure of the ZapA dimer clearly shows the potential for a dimer-dimer interface, which would lead to a protein assembly with two globular domains separated by an extended coiled-coil domain. It therefore seemed likely that the association between two dimers of ZapA on different FtsZ fibres could underlie the mechanism of ZapA-induced FtsZ fibre bundling with the extended tetramer bridging two FtsZ fibres. However, the presence of a ZapA tetramerization equilibrium in solution has made it difficult to conclude explicitly that such a mechanism is correct. To determine whether this mechanism is correct, we set out to produce a mutant form of ZapA where the tetramerization equilibrium is firmly in favour of dimeric ZapA. By mutating the dimer-dimer interface we were able to produce a form of ZapA (I83E) which under experimental conditions only exists as a dimer. The site of the I83E mutation in the coiled-coil region of ZapA provides some information on the forces that hold the ZapA tetramer together, making it clear that the coiled-coil domain of ZapA is essential for maintaining the ZapA tetramer. Examination of the secondary structure of the I83E mutant showed that, although the dimer-dimer interaction was disrupted, the protein still remains folded into the same structure as the WT.
The production of a constitutive ZapA dimer allowed us to probe a number of aspects of ZapA function. First, FtsZ copelleting assays show that I83E ZapA is able to bind to FtsZ. This shows for the first time that ZapA tetramerization is not a prerequisite for FtsZ binding. These results are backed up by the DLS experiments which show that both ZapA proteins form complexes with FtsZ. It is therefore clear that tetramerization of ZapA is not required for binding, and, by inference, it is likely that the FtsZ-binding region of ZapA is in a region separate from the tetramerization interface in the structure. The fact that the I83E ZapA mutant precludes FtsZ protofilament bundling suggests that I83E binds to FtsZ at the same site as the WT tetramer.
Our second observation is that dimeric ZapA does not induce bundling of FtsZ. This is a clear confirmation of previously hypothesized models [25] [26] [27] that indicate that ZapA tetramers bridge FtsZ fibres, leading to fibre bundling. The present study thus adds weight to previous work that proposed that ZapA not only bundles, but acts to cross-link and stabilize FtsZ fibres in vitro [35] , helping to drive the helix-to-ring transition of the FtsZ polymer [36] . Previous work by Mohammadi et al. [25] suggested that the histidine-tagged form of ZapA (similar to that used in the present study) can, in some instances, influence the interaction with FtsZ. However, it is clear from the present study that the histidine tags do not interfere with the oligomerization state of ZapA and therefore do not alter the conclusions that dimeric ZapA cannot bundle FtsZ. Thus the main conclusions of the present study are relevant to the in vivo situation. In our previous work both on FtsZ alone [28] and FtsZ in the presence of ZapA [27] we have shown that the GTPase activity of FtsZ can be modulated by the binding of cofactors. In the former study we showed that the GTPase activity could also be depressed in the presence of small molecules, in particular with divalent cations such as Ca 2 + . This agreed with earlier observations by Yu and Margolin [37] . We also showed that fibre bundling was coincident with this reduction in activity. In the latter study we showed that ZapA could also produce the same FtsZ fibre bundling alongside a reduced GTP hydrolysis rate. However, in both studies we were unable to establish whether these changes in fibre lateral association were directly linked to changes in GTPase activity or to the bundling. The development of a dimer-only mutant of ZapA (I83E) has allowed us to understand in more detail the inter-relationship between fibre bundling and GTPase activity. Examination of the results from the present study shows that although the dimeric ZapA is able to bind to FtsZ it does not induce a change in its GTPase activity. This suggests strongly that it is lateral association of FtsZ fibres that drives the decrease in FtsZ GTPase activity.
It is therefore clear from the present study that FtsZ has evolved to have its GTPase rate, and hence its persistence in the polymeric state, modulated as a function of lateral association. It is also clear that ZapA is able to enhance the formation of lateral association of FtsZ, stabilizing the fibre structure both mechanically and kinetically, by virtue of the decrease in GTPase activity.
